Objective: Polycythemia vera (PV) is a clonal myeloproliferative neoplasia associated with the activation of the Janus-activating kinase 2 (JAK2) mutation. The aim of this study is to identify clonal expansion of exon 12 mutations. Methods: We performed DNA sequencing of the JAK2 exon 12 after TA-cloning in JAK2-V617F-negative and JAK2-V617F-positive PV patients. Results and Conclusions: We found clonal mutations (i.e. H538-K539delinsL and D544G) in 3 of 7 JAK2-V617F-negative PV patients, however, unlike JAK2-V617F, allele burden of JAK2 exon 12 mutation was low. Since allele-specific PCR is able to amplify only the limited region which contains known mutations with gain-of-function, we need to clarify the biological implications of unknown single nucleotide substitution of the JAK2 exon 12 with low clonal burden in erythrocytosis patients.
INTRODUCTION
The Janus-activating kinase 2 (JAK2)-V617F mutation, due to a single-nucleotide substitution (G1849T) at the exon 14 of the gene, occurs in the vast majority of patients with polycythemia vera (PV), and the gain-of-function JAK2-V617F mutation leads to constitutive tyrosine phosphorylation of JAK2 of the erythropoietin signaling. In 2007, Scott et al. (1) demonstrated that somatic JAK2 exon 12 mutations in patients with PV or idiopathic erythrocytosis who do not carry the unique exon 14 mutation and several novel mutations within the JAK2 exon 12 have also been reported (1 -8) . The current detection assays are mostly based on the allele-specific polymerase chain reaction (allele-specific PCR) technique; however, unknown mutations could not be amplified by allele-specific primers. Recently, high-resolution melting analysis by Jones et al. (9) made it possible to detect a minor clone (i.e. a low clonal burden) with JAK2 exon 12 mutation in some patients with PV or erythrocytosis patients who failed to demonstrate JAK2 exon 12 mutations by allele-specific PCR technique.
In a retrospective single-center study, we previously showed that JAK2 exon 12 mutation could not be detected in seven patients with 'isolated erythrocythemia' by conventional PCR-direct sequencing (10) . A recent report by Theocharides et al. (11) demonstrated that the allele ratios in PV patients with JAK2 exon 12 mutations were markedly lower, compared with those in PV patients with JAK2-V617F. It is therefore reasonable to re-examine our samples by a more sensitive assay to detect a low clonal burden. Since the gene-dosage effect of JAK2 exon 12 mutations is somewhat different from that in JAK2-V617F, it is still uncertain whether JAK2 exon 12 mutations with a low clonal burden shows a distinct clinical features compared with those with high mutated allele burden. We therefore performed TA-cloning and detected a low clonal burden of JAK2 exon 12 mutation by DNA sequencing.
PATIENTS AND METHODS

PATIENTS
Patients with erythrocytosis, who fulfilled all the criteria of Polycythemia Vera Study Group (PVSG) had been referred to Tokyo Medical University Hospital, were tentatively termed PV and enrolled in this study. We used the clinical data set of PV patients from our previous report on 33
For reprints and all correspondence: Junko H. Ohyashiki, Intractable Disease Therapeutic Research Center, Tokyo Medical University, 6-7-1 Nishishinjuku, Shinjuku-ku, Tokyo 160-0023, Japan. E-mail: junko@hh.iij4u.or.jp patients, including 24 PV patients with JAK2-V617F mutation and 9 patients without JAK2-V617F mutation. We measured the JAK2-V617F mutation and allelic burden of mutated JAK2 by the sequence-specific primer-single molecule fluorescence detection assay, as in our previous report (10) . We studied JAK2 exon 12 mutations on seven of the nine patients without JAK2-V617F, since we were unable to analyze JAK2 exon 12 mutations in the remaining two patients due to insufficient materials. We also studied JAK2 exon 12 mutations in four patients with JAK2-V617F (TT genotype) and four healthy volunteers (Table 1) . Mutation analysis, using specimens from either patients or healthy volunteers, was approved by the Institutional Review of Committee of Tokyo Medical University. Informed consent was obtained from patients and volunteers in accordance with the Declaration of Helsinki.
TA-CLONING AND DNA SEQUENCING Genomic DNA obtained from whole blood by an automated system (12) was amplified as follows. The primer set for the amplification of a JAK2 exon 12 DNA was designed according to GenBank AL161450, using forward primers at the intron 11 region: 5 0 -gac aag agc ccg ggc ttc tcc-3 0 and reverse primers at the intron 12 region: 5 0 -tgg tct aga gct agc cta ggc tcg aga a-3 0 . The PCR conditions were 958C for 30 s, 608C for 40 s and 728C for 30 s for 35 cycles using Expand High FidelityPLUS PCR system (Roche Diagnostics, Mannheim, Germany). The PCR products of the JAK2 exon 12 were purified using a High Pure PCR Product Purification Kit (Roche Molecular Biochemicals Diagnostics, Indianapolis, IN, USA) and cloned into a pCR2.1 vector (Invitrogen, Carlsbad, CA, USA). We obtained 5 -18 clones in each individual. Theoretically, it would be logical to obtain at least 10 clones in each individual; however, in practical terms, it was difficult to obtain 10 clones in some samples. We therefore tried to sequence clones as much as possible, using a BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster city, CA, USA) with an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems). Finally, the sequence was compared with the JAK2 sequence. We used both forward and reverse sequencing to avoid misreading of nucleotides. Since the number of clones analyzed differs among samples, we could not quantify the allele burden precisely. We therefore arbitrarily categorized clonal change when identical mutated sequence was detected in two or more clones in single individuals.
RESULTS AND DISCUSSION
DNA sequencing analysis after TA-cloning demonstrated that four of seven patients without JAK2-V617F had some exon 12 mutations (Fig. 1) . In detail, one patient (JAK2_0096) had two of eight clones with H538-K539delinsL ( Fig. 2A) , whereas one of eight clone had single-nucleotide substitution without amino acid conversion. JAK2_0109 patient had 6 of 18 clones with H538-K539delinsL, JAK2_0111 showed 2 of 9 clones with D544G ( Fig. 2B ) and JAK2_0113 patient did 1 of 7 clone with L545S (Fig. 2C) . The remaining three JAK2-V617F-negative patients did not have any clonal or nonclonal mutation in the JAK2 exon 12 region within the indicated region in Fig. 1 . In conclusion, we detected clonal JAK2 exon 12 mutations in three patients (JAK2_0096, JAK2_0109 and JAK2_0111) with the predictive amino acid substitution. Of note is that allele-specific PCR with previously utilized primer setting is unable to detect these single-nucleotide mutations found in some JAK2-V617F-negative patients. In contrast, we did not find any clonal JAK2 exon 12 mutation in PV patients with JAK2-V617F and normal individuals: we analyzed .10 clones in all the normal individuals to verify that there was no clonal JAK2 exon 12 mutation in normal individuals. Although the biological significance was unclear, non-clonal nucleotide substitutions were also detected in one JAK2-V617F-positive patient (K539E) and in two normal subjects (N542S and Q534R), respectively (Table 1) .
Previous reports indicate that N542-E543del, F537-K539delinsL and E543-D544del are frequently detected (8). Pietra et al. (8) reported two PV patients with novel duplications involving a substitution F547 using PCR-direct sequencing. DNA sequencing in combination with allele-specific PCR might be useful in detecting certain known mutations; however, it appears difficult to identify new single-nucleotide mutations, since allele-specific PCR using certain primers could cover only the deletions or abnormalities within the setting primer itself. For example, Martinez-Aviles et al. (2) found K539L mutation (AAA ! CTA) by direct sequencing, although they did not achieve a positive result by allele-specific PCR technique; K539L substitution due to nucleotide mutation (AAA ! TTA) has been reported by other investigators using allele-specific PCR, using primers containing TTA sequence.
Another important issue we should address is that it is possible to underestimate single-nucleotide mutations as the wild-type JAK2 exon 12, in cases with only minor portion of neoplastic cells, contains JAK2 exon 12 mutation. In this study, we found clusters of single-nucleotide mutations located within the region of N542 to L545 amino acids of the JAK2 exon 12, which conserved amino acid alignment across multiple species. Although we could not completely rule out the possibility of artifacts due to TA-cloning, we used a High Fidelity Taq system to avoid inappropriate complementation during the process of PCR. Despite the fact that TA-cloning is a time-consuming procedure and is not suitable for clinical practice, it is of note that we shed light on the existence of very minor clones with JAK2 exon 12 mutations. High-through-output screening using melting analysis by Jones et al. (9) might be a powerful useful approach, and the use of enriched leukocyte fraction will improve the 510 JAK2 exon 12 mutations in polycythemia delectability of JAK2 exon 12 mutations. Unlike JAK2-V617F, allele burden of JAK2 exon 12 mutations is somehow low; therefore, gene-dosage effect of JAK2 exon 12 mutation has not been clarified. In addition, low allele burden may exist in condition of clonal hematopoiesis, even in the pre-JAK2 phase. Although the number of patients is too small to draw a final conclusion, we need to clarify the biological implications of poor clonal burden of neoplastic cells containing JAK2 exon 12 mutations in patients with erythrocytosis.
